Collecting and grouping customer needs and constraints by similarity are essential steps in market-driven product development. This paper introduces an overall procedure to collect and structure customer needs and constraints with the emphasis on grouping customer needs by similarity. In particular, this paper applies a statistical methodology (Subjective Clustering) to test for an indication that a few participants' opinions (information) dominate the others' when grouping customer needs using the consensus-based method (Affinity Diagram). Biased use of participants' information may lead to clusters inaccurately representing customer needs, which this paper defines as "subjective bias." Using both Affinity Diagram and Subjective Clustering, one can test and correct the subjective bias while maintaining strong buy-in of the clusters by the participants.
INTRODUCTION
The first step in a market-driven product development is the analysis of customer needs, "Voice of the Customers" (VOC), and constraints. By identifying the customer needs and constraints, firms can optimally position their products in competitive markets.
The analysis of customer needs and constraints consists of collecting and grouping customer needs and constraints by their similarity and finding the importance of each cluster to customers. To collect customer needs and constraints, firms widely use focus groups [1] and one-on-one interviews. An advantage of the focus group is that synergies between users stimulate expressing their needs. On the other hand, a disadvantage is that the time allotted for one user to address his needs may be shorter in a focus group than in a one-on-one interview.
Griffin and Hauser [2] compared both methodologies and suggested that the one-on-one interview could be more efficient in terms of the number of customer needs collected per cost ($).
Typically, marketing surveys collect around 200-400 user needs [2] . These needs have two characteristics. First, many of the user needs are similar. Therefore, grouping these needs by similarity enables engineers to reduce large numbers of "voices" into a small number of representative needs, usually less than ten. Second, user needs have different degrees of specificity. Some user needs address specific engineering solutions, while other user needs are vague and broad. Among similar user needs, the more specific ones are subsets of the more vague and broad user needs. This implies that user needs have hierarchical structures that consist of primary, secondary and tertiary needs [2] . Often, the most vague and broad needs, called the "primary" or "strategic" needs provide strategic directions of the product development. These primary needs are collections of the "secondary" or "tactical" needs that give product development teams more specific targets of customer needs to fulfill. Each customer need that consists of secondary needs is the "tertiary" or "operational" needs that usually address specific engineering solutions. In the conceptual design phase, particularly for the purpose of concept generation, evaluation and selection, engineers should focus on the primary or the secondary needs in order to avoid being constrained by specific engineering solutions. Grouping a large number of customer needs into a small number of representative clusters is essential for aligning product design objectives with the needs of the customers.
To cluster customer needs and constraints, Affinity Diagram [3] is one of the most popular methods that groups similar customer needs based on participants' consensus. Since participants agree on the generated clusters, Affinity Diagram leads to strong "buy-in" of the final clusters by the participants. This strong buy-in should lead to clearer product design goals and to more efficient product design activities. However, a potential pitfall of Affinity Diagram is that a few participants' opinions may dominate the others' when grouping customer needs. If only a few participants' information is used to construct clusters, these clusters may inaccurately represent "true" clusters of the customer needs. This distortion defined as "subjective bias" could lead to misaligned product development objectives.
Another grouping method is Subjective Clustering [2, 4, 5] , which uses a hierarchical clustering algorithm [6, 7] to construct a hierarchy of needs from a similarity matrix called the "cooccurrence matrix." Subjective Clustering uses individuals' groupings with equal weights to construct a co-occurrence matrix and generate a hierarchy of customer needs. Therefore, there is no eccentric influence of any single participant, and hence, the clusters generated by Subjective Clustering are free of any subjective bias. However, since there is no interaction between participants in the grouping procedure, the clusters generated by Subjective Clustering may differ significantly from what an individual perceives. This may lead to weak buyin of the final clusters and potentially lead to a disagreement of the design objectives and conflicts during the design activities. Figure 1 summarizes the four-step approach to identify customer needs and constraints. It starts with collecting customer needs using one-on-one interviews. Then, from transcriptions of these interviews, one identifies the customer needs and constraints. The next step is the grouping of customer needs and constraints by similarity and reorganizing them into primary, secondary and tertiary needs. Both the group consensus method (the Affinity Diagram) and the individual grouping method (Subjective Clustering) are discussed in this step. The focus of this paper is to explore the potential to use Subjective Clustering as the means to test any subjective bias in the Affinity Diagram exercises. Using both methods, one can test and correct subjective bias while maintaining large buy-in of the clusters by the participants. The third step classifies these clusters of customer needs and constraints into three categories: external VOCs, internal VOCs, and constraints. The final step surveys the importance of these grouped customer needs. 
Customer Needs and Constraints
The field of marketing traditionally defines customers as users of a product.
More recent views of customers, particularly from a manufacturer's perspective, include other stakeholders, such as distribution channels, suppliers, and manufacturer itself, in addition to the users. These stakeholders serve as a chain between manufacturers and users and are important for the manufacturer to produce and deliver profitable products to the market [8, 9] . This paper categorizes users as "external customers," and all other stakeholders as "internal customers." Unless specified, "customers" will refer to both external and internal customers.
The VOCs of the external customers (external VOCs) are the needs of the end users who pay money for the "functions" provided by the product. These functions can either be "hard" functions such as speed, or "soft" functions such as aesthetics. Similarly, from the suppliers' perspective, their users are the purchasers who acquire their parts/assemblies. These purchasers buy these parts/assemblies in order to use the functions of these parts and assemblies in the final products. For example, external VOCs are price, functional requirements, robustness, aesthetics, and ergonomics.
The VOCs of the internal customers (internal VOCs) are the needs of all other stakeholders including distribution channels, suppliers, and the manufacturer itself. The needs of these internal customers are important in order to manufacture and market the product profitably. Primarily, internal VOCs are design requirements such as manufacturability, modular design, low technical risk, and cost. Fulfilling these needs does not necessarily improve the likelihood of the end users' purchasing it. However, failing to satisfy these needs impacts both short and long-term profitability of the firm.
A customer's satisfaction changes incrementally with the degree of fulfilling external and internal VOCs. Unlike VOCs, constraints are requirements that the product must fulfill. If the product fails to satisfy any of these constraints, the manufacturers may not be able to sell these products to the users. An example of a constraint is the regulatory compliance, i.e., legislation. Figure 2 is a model that describes customer needs and constraints. Two rectangular regions in Fig. 2 illustrate domains that either users or a manufacturer can control. In the users domain, users initiate their needs (external VOCs), and the manufacturers identify these needs through marketing surveys. The solid line in Fig. 2 illustrates this flow of information. The users also face various constraints that they can partially control. An example of these constraints may be an insurance policy to cover the cost of a medical device. If the insurance policy does not cover certain types of medical devices, the users may not want to purchase these devices even if they have desirable functionalities. In this case, the users cannot change the content of the insurance policy. However, the users can switch to a more desirable insurance policy if necessary. These constraints are at the border of the user domain, illustrating that the users have partial control. These constraints become critical when the users do not address them as external VOCs. If so, products will fail to satisfy these constraints and the customers will not purchase these products. 
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Figure 2: External VOCs, Internal VOCs and Constraints
The lower region of Fig. 2 is the manufacturer domain. Similar to the users domain, a manufacturer initiates its own needs (internal VOCs) that are independent of the users' needs. An example of an internal VOC is a design requirement such as "modular design" that requires a product to share the product architecture with its product family. These internal VOCs are independent of users' needs since the users do not care whether a product shares modules with other products as far as the product provides desirable functionalities with a low price. Similar to the users, a manufacturer faces constraints with different degrees of controllability. An example of the most uncontrollable constraint is legislations outside of the manufacturer domain. Examples of partially controllable constraints are the suppliers' capabilities or capabilities of the distribution channels. The manufacturer may have little influence to improve manufacturing capability of a specific supplier. However, the manufacturer can switch to other suppliers.
These constraints are at the border of the manufacturer domain.
The most crucial customer needs and constraints for the manufacturer are external VOCs and the constraints both located outside the manufacturer domain (constraints 1 and 2 in Fig. 2 ). Particularly, if the customers do not address constraints that they face as either external or internal VOCs, marketing surveys will fail to capture these constraints and consequently, the product will not sell in the market.
To prevent this pitfall, some researchers propose a comprehensive list of product requirement categories. Prior to the conceptual design phase, marketing and engineers set product requirements that satisfy customer needs. By consulting the lists of product requirement categories, engineers can check if they have missed any critical product requirements or constraints. If engineers believe that they have missed some essential product requirements or constraints, they should suspect some customer needs and constraints are not fully revealed. Pugh [10] proposes the "primary specification elements" while Pahl and Beitz [11] present the "requirements list" that serve as seeds for brainstorming and detecting missed customer needs and constraints.
Collecting Customer Needs
Direct and Indirect Approaches
There are direct and indirect approaches for collecting the customer needs and constraints. A direct approach collects customer needs and constraints immediately from the customers. On the other hand, an indirect approach collects customer needs from those who have frequent interactions with and good understanding of the customers. For example, these people are sales personnel in the case of external VOCs and project managers in the case of internal VOCs. In general, direct approaches are likely to generate less biased customer needs and constraints. However, in some cases, such as a government project, it is often difficult to obtain the customer needs and constraints directly. Therefore, the indirect approach might be the only feasible method. For consumer products in which direct customer survey is almost always available, indirect approaches can still serve as useful pilot surveys before performing large-scale direct customer surveys.
Focus Groups and One-on-One Interviews
Popular methods for collecting customer needs are focus groups [1] and one-on-one interviews. Griffin and Hauser [2] suggested that the number of needs addressed per user is larger for one-on-one interviews and therefore the dollar paid per need may be less for the interviews compared to the focus group. Therefore, one-on-one interview was used in this analysis.
Grouping the Customer Needs and Constraints
Affinity Diagram
An Affinity Diagram [3] is a group consensus method and perhaps the most popular method for grouping similar customer needs and constraints. In Affinity Diagram, a moderator prepares a randomly shuffled deck of cards with each card showing a customer need. Then, the moderator puts cards one by one on a large white paper ( Figure 3) . As a new card is added on the paper, participants locate similar cards together and iteratively merge or divide clusters until they are comfortable with the clusters (Figure 4) . At the end, the participants name each cluster so that it most appropriately represents the VOCs in that cluster ( Figure 5) . A widely recognized advantage of the Affinity Diagram is the strong buy-in of the final grouping by the participants; however, subjective bias may occur if there is a strongly opinionated participant. 
Subjective Clustering
Subjective Clustering [4, 5] asks each user to separate customer needs into clusters based on similarity and then construct a hierarchy of customer needs from individuals' grouping using a hierarchical clustering algorithm. Since Subjective Clustering utilizes individuals' groupings with equal weights, no one particular participant has a strong influence on the grouping. Therefore, Subjective Clustering is free of any subjective bias. Figure 6 summarizes the Subjective Clustering procedure.
Write each VOC on a separate card.
Shuffle cards.
Ask each participant to group cards by similarities.
Construct a co-occurrence matrix for each participant. In the co-occurrence matrix, i-j element is entered 1 if i-th and j-th VOC are grouped in a same cluster and 0 otherwise. Add co-occurrence matrices for all participants so that i-j element shows the number of participants who grouped i-th and j-th VOC in the same cluster.
Construct a dendrogram from the co-occurrence matrix using hierarchical clustering algorithm. 
ILLUSTRATIVE EXAMPLE
The Next Linear Collider
Stanford Linear Accelerator Center (SLAC) is a national high-energy particle physics research laboratory operated by Stanford University under contract from the Department of Energy (DOE). One of SLAC's research objectives is gaining insights into the fundamental constituents of matter by colliding energetic particles. SLAC is currently developing a conceptual design of the next generation linear collider called the Next Linear Collider (NLC) that collides electron and positron beams with the energy that is ten-times higher than the existing linear collider at SLAC. To develop a conceptual design of the NLC, SLAC engineers need to identify the "voices" for the NLC so that they can align their design objectives with these "voices."
Customer Needs and Constraints for the NLC
The users of the NLC are the joint entity of the government and the physics community. The government funds the project; however, it consults the physics community whether the functionality and the budget of the NLC proposed by SLAC is worth funding.
The authors used an indirect approach to collect customer needs and constraints for the NLC since SLAC was completely familiar with the needs and constraints of the government and the high-energy physics community at large. The authors interviewed six managers working on the NLC project. These managers have profound knowledge of linear colliders as well as the needs of the government/physics community. They have participated in the high-energy physics gatherings periodically held at Snowmass, Colorado since 1982. The most recent gathering was in 2001 (http://snowmass2001.org/). For the needs of the government, SLAC reviews the NLC project with the Department of Energy periodically.
These close interactions between SLAC and both the DOE and the highenergy physics community are likely to contain small bias even when using an indirect approach.
From the transcripts of one-on-one interviews with the above mentioned six managers, the authors extracted and rephrased forty-two customer needs and one constraint in a manner similar to Ulrich and Eppinger [12] . Table 1 lists the final customer needs and a constraint for the NLC. 
Grouping the Customer Needs and Constraints
When grouping customer needs and constraints, the participants performed Subjective Clustering before Affinity Diagram to prevent the grouping by group consensus (Affinity Diagram) influencing each individual's grouping (Subjective Clustering).
Affinity Diagram
Four out of six managers, whom the authors interviewed, participated in the Affinity Diagram exercise. Since "Safety" (#43) is the only constraint in this analysis, this constraint did not need any grouping and the authors did not indicate this constraint in the following exercises. Figure 7 is the result of the Affinity Diagram exercise that identified four primary needs for the NLC named "future potential," "high performance," "low cost," and "high availability." The authors showed the result to the remaining two managers, but there was no request for further modifications. The co-occurrence matrix is a symmetric forty-two by forty-two matrix. Both the i-th row and the i-th column represents the i-th customer need. In the co-occurrence matrix, the ij-th elements is the number of participants who grouped both i-th and j-th customer needs in the same cluster. This number is the measure of the similarity of two customer needs. Then, using a hierarchical clustering algorithm, one generates a dendrogram that combines similar needs incrementally based on degrees of similarity. Figure 9 is the dendrogram of the NLC customer needs generated by the hierarchical clustering algorithm with complete linkage method [6] . Fig. 9 , the most similar VOCs are combined at the lowest level of the dendrogram. These are the VOCs that all of the six managers grouped together in the same clusters (ij-th element that has the value 6 in Fig. 8) . Then in the above levels, each VOC or cluster is grouped with another VOC or cluster. For example, in Fig. 8 and 9 , the VOC #17 is grouped with #21 and #22 (illustrated by ovals) in the first level since the similarities between #17 and both #21 and #22 are 6 (the similarity between #21 and #22 is also 6). Then in the next level, #17 is grouped with #10 and #24 (illustrated by triangle) since the similarities between # 17 and both #10 and #24 are 5 (the similarities between #21 and both #10 and #24, and between #22 and both #10 and #24 are also 5).
In the dendrogram, there are initially forty-two clusters, each VOCs being its own cluster. Then the number of clusters decreases as the VOCs are combined together based on similarity. At the end, all VOCs are combined together to consist one cluster. For example, the dendrogram in Figure 9 generates different numbers of clusters when cut off at different levels of aggregation. The trivial case for the aggregate level is to group all customer needs into one cluster. If the engineers cut the dendrogram at the next most aggregate level, the number of cluster increases to four as shown by the dashed line in Fig. 9 . Then, the number of cluster increases to six, seven, eleven, sixteen, twenty-nine, and finally to forty-two, which means each customer needs is its own cluster. Figure 10 compares four clusters of Affinity Diagram and four clusters of Subjective Clustering obtained by cutting the dendrogram as in Fig. 9 . When arranging clusters in Affinity Diagram into distinct clusters, one can categorize a VOC in an intersection of overlapping clusters into any of these clusters. If the same VOC in Subjective Clustering belongs to the cluster that correspond to one of these overlapping clusters, then the authors grouped the VOC in the intersection into the same cluster as in Subjective Clustering. Otherwise, the author arbitrarily categorized the VOC into one of the overlapping cluster. The customer needs that belong to the same cluster are similar for both the Affinity Diagram and Subjective Clustering. The only customer needs that are different between two methods are "available" (#12) and "low operating cost" (#15). In the Affinity Diagram, these customer needs are in the cluster named "high availability." However, in Subjective Clustering, "available" (#12) is in the "high performance" cluster and "low operation cost" (#15) is in the "low cost"
Testing for the Subjective Bias in Affinity Diagram
cluster. Assuming that the matching of each need to each of the four clusters is a random chance with a probability of ¼, the likelihood of matching for at least forty out of forty-two customer needs is In addition to testing for subjective bias, another advantage of Subjective Clustering is the flexibility that it enables engineers to change the number of clusters. As the number of clusters increases, each cluster represents more specific customer needs that addresses an engineering solution, rather than vague and broad needs. One can obtain the optimal number of clusters by cutting off the dendrogram at the level in which each cluster is as specific as possible but does not address any engineering solutions. Considering these issues, the authors cut off the dendrogram at the level that resulted in seven clusters. If the number of cluster increases to eleven, then the cluster consists of "large energy gradient" (#17) and "high power klystrons" (#19) are an engineering solution rather than broad customer needs.
In this example, four clusters correspond to primary needs and seven clusters correspond to secondary needs. Table 2 illustrates the final groupings of the forty-two customer needs into the primary, secondary, and tertiary needs. 
Summarizing Customer Needs and Constraints
Among the seven secondary needs, the SLAC decisionmaker identified three external VOCs ("high energy," "high integrated luminosity," and "low acquisition cost") that determine the funding decision of the government/physics community. The remaining four secondary needs are the internal VOCs ("high availability," "expandability," "discovery potential," and "low operating cost") less relevant to the government/physics comminity's funding decision but rather relevant to the needs of SLAC itself. "Safety" (#43) was the only constraint identified in the interviews.
Survey Importance of the VOCs
The final step is to determine the importance of these seven secondary needs using a survey. Figure 11 is the survey used in this example that asked the six managers to mark "x" in [ ] corresponding to one of five degrees of importance ("Of No Importance," "Moderately Important," "Important," "Very Important," "Extremely Important"). Then this categorical scale is quantified using a five-point numerical scale. Figure 11 : Survey A summary of the survey presented in Table 3 shows that all respondents agree that "high energy" and "high integrated luminosity" are the most important customer needs (large mean with a small standard variation). All other customer needs are important except the "low operating cost" that is less important than the other needs. 
